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ABSTRACT
A NEITZCH Jupiter 441 simultaneous thermal analysis with a water vapor furnace was
installed and calibrated for temperature and differential scanning calorimetry (DSC). Bare
and FeCrAl coated Zircaloy-2 nuclear fuel cladding and FeCrAl coated single crystal Yttria-
stabilized Zirconia (YSZ) samples were oxidized in an argon/steam environment at 700◦C
and 1100◦C. FeCrAl coated Zircaloy-2 was also heated to 1200◦C in an inert environment.
Real-time thermo gravimetric analysis (TGA) and DSC data was taken during the steam
oxidation. Glancing angle and 2θ − ω X-ray diffraction (XRD) scans were taken of the
samples pre- and post- exposure. Scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and Auger electron spectroscopy (AES) depth profiling was performed.
The TGA showed that the coated Zircaloy-2 samples experienced significantly less weight
gain as compared to the bare Zircaloy-2 samples, indicating a slower rate of oxidation. AES
and XRD showed that at 700◦C this decrease was due to the formation of a protective α-
alumina layer. Chromium segregated below the alumina layer to form a secondary layer.
Finally it was observed that iron diffused into the base Zircaloy-2. At 1100◦C a eutectic
interaction between the zirconium and iron on the Zr exists and is postulated to have caused
the evaporation of the coating and loss of protection. The FeCrAl on YSZ samples did
not exhibit this phenomenon, however a spinel oxide was formed at 1100◦C as opposed to
α-alumina.
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CHAPTER 1
INTRODUCTION
Zirconium-based alloys are the current standard for fuel cladding materials in light wa-
ter nuclear reactors. These alloys have been tested and refined for over 60 years, going
through multiple iterations to improve their lifetime in harsh reactor environments [1]. The
Fukushima Daiichi incident in 2011 showed that either additional improvements to current
cladding alloys or a large paradigm shift are needed to prevent some of the same potential
failure modes in the current United States fleet [2]. The reaction between zirconium and
high temperature steam and the roles it played in the accident have shown the issue to be
critical enough to warrant this change. The rapid loss of structural stability, production of
hydrogen gas, and large thermal output in short time periods make the most severe beyond
design-based accidents much more difficult to deal with. Cladding rupture vents radioac-
tive isotopes, which, when coupled with a need to vent built up hydrogen gas, precipitates
an extremely difficult decision regarding pressure reduction. Additionally, the thermal load
produced by the oxidation can equal or top that of the decay heat from the reactor [3].
The response to rectify the problems caused by this oxidation in the Fukushima incident
has been the development of a cladding that does not experience the same negative response
to high temperature steam, and does not introduce new complications. The first steps of
this process have been realized through the examination of new bulk materials as well as
modifications to the current cladding materials. The bulk materials that have emerged
as top contenders in the United States are FeCrAl alloys [4–6] and SiC composites [7–9].
FeCrAl alloys have much better oxidation resistance than zirconium, with the ability to form
alumina and chromia passive oxides [3]; however, there is a much larger neutron penalty from
these materials as compared to zirconium. SiC has superior oxidation resistance, but the
mechanical properties need extensive research due to its brittle nature and reaction to coolant
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over long time periods.
Due to the simplicity of the solution, coatings rather than different alloying elements have
been the main focus of recent research on existing cladding material. The bulk mechanical
properties of the system are not changed, removing a large parameter space from testing.
Metallic coatings will not cause a large change in the thermal profile, as their thermal
diffusivities are much larger than that of uranium oxide. Finally, as long as the coating
stays adherent, even if it fails, the failure after that will follow known historical steps as
the underlying material is existing technology. Aside from FeCrAl coatings, which are the
focus of this paper, polycrystalline diamond coatings and pure chromium coatings have been
examined [10, 11]. Diamond has a very low reactivity, is stable at very high temperatures,
has high thermal conductivity, and has a low thermal neutron absorption cross-section.
Chromium is used extensively to prevent corrosion and oxidation in many systems.
In this work, the effectiveness of different compositions of thin (200nm-1300nm) FeCrAl
magnetron-sputtered coatings at reducing the oxidation rate of Zircaloy-2 are examined.
Coatings on single crystal YSZ were also examined and served as a model system to better
understand the compositional changes that were occuring. The coated Zircaloy-2 and YSZ
samples were exposed to 700◦C and 1100◦C steam environments with active TGA and DSC.
An 1100◦C inert atmosphere was used to test purely the effect of temperature on the inter-
action between the coating and substrate. SEM/EDS, AES, and XRD were used to examine
the morphological and chemical properties before and after exposure.
After explaining background information on the subject, this work will proceed as de-
scribed below. Chapter 3 will enumerate the experimental procedures for the initial set up
and calibration of the STA and steam exposure parameters, inert exposure conditions, and
XRD/AES/SEM used. Chapter 4 will examine the results of the TG, looking initially at the
consistency of the data and device, and then the effect of the coatings on the oxidation rate
of the samples. Additionally, XRD data will be presented to identify the phases formed post
oxidation coupled with complementary AES and some SEM. Chapter 5 will discuss these
results along with incorporating additional data from the NEUP ATF IRP project to pro-
vide a more comprehensive picture. The results will be compared with other studies looking
at the behavior of FeCrAl and zirconium individually in steam, and their interactions with
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each other. Finally Chapter 6 will conclude the work with a short summary, followed by
plans for future work.
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CHAPTER 2
LITERATURE REVIEW
2.1 Zirconium Oxidation
Bulk oxidation is dictated by the diffusion of the oxidizing species. In metals it can be split
into the diffusion of oxygen to the oxide-metal interface, the metal to the free surface, or a
mixture of both. Studies have shown that in zirconium based systems, oxidation takes place
through the diffusion of oxygen [12]. This necessitates a counter flow of electrons to maintain
neutrality. Research has found that the electrons follow Schottky kinetics [13]. The kinetics
of this oxygen diffusion follow the equation
xn = Doe
−Ea
KT t (2.1)
where x is the oxide thickness, n is the rate constant, Do is the diffusion constant, Ea is the
activation energy, k is the Boltzmanns constant, T is the temperature of the system, and
t is the time. When this equation was first derived by Pilling and Bedworth they assumed
that n was 2, giving a parabolic oxide growth that was self-limiting [14]. Their reasoning for
this was twofold. Initially they thought that for diffusion between two regions with different
concentrations, the rate of diffusion would be inversely proportional to the distance between
the two regions. In this configuration, the two regions with different concentrations are the
metal and the free surface. Thus, as the oxide thickness grows, the distance between the
two regions increases, limiting the rate of oxidation. The second reason for this was the
experimental data from oxidizing several systems.
Modern experiments have shown that the rate constant for Zircaloy systems falls more
towards 3, giving a quasi-cubic response [15]. There have been several reasons given for
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this behavior [16]. One is that a majority of the diffusion takes place through crystalline
grain boundary diffusion rather than through the bulk. As the oxide thickness increases,
columnar grains start to preferentially grow, possibly due to the compressive strains from
the lattice mismatch between the oxide and the metal. These columnar grains limit the
boundary area in which the oxide can travel and thus increasingly limit the oxide growth as
the oxide thickens. A similar theory suggests that instead it is the compression of the oxide
lattice that limits the diffusion; however this does not take into account the oxidation along
the crystalline boundaries.
Due to its critical role in nuclear reactors, significant work has been put into the develop-
ment of fuel cladding. After zirconium was selected as the major component in the cladding
alloy due to its low neutron absorption cross section and mechanical performance, rigorous
safety testing ensued to characterize the material [17]. The initial corrosion tests with zir-
conium found that inhomogeneous oxidation was occurring between grain boundaries and
grains, resulting in spalling of the oxide [18]. Thus alloying elements were added to prevent
this spalling that would occur early on by homogenizing the oxidation rate across the surface
of the cladding [19]. With the new alloy, further testing showed that there were two regions
to the oxidation of Zircaloy-2 and Zircaloy-4 cladding: an initial protective oxidation phase,
followed by what has been termed break-away oxidation. In the latter region, the mechani-
cal stability of the oxide is compromised and the oxidation rate increases dramatically [20].
Recent studies have examined this transition and have come to a conclusion as to why this
occurs [21]. The oxide of zirconium (zirconia) commonly exists in three different phases.
At low temperatures the monoclinic phase is stable, and as the temperature reaches around
930◦C, the tetragonal phase begins to form. These two phases are present up to around
1200◦C, where only the tetragonal phase is seen and is stable up to 2370◦C [22] where it
finally transforms into cubic zirconia. It was found that the tetragonal phase of zirconia is
stabilized close to the oxide metal interface due to: (1) the compressive stresses on the oxide
from lattice mismatch between the oxide and metal; and (2) its small grain size. Once this
oxide layer becomes thick enough, the stresses from the interface are not strong enough to
stabilize the tetragonal phase, causing a transition to the more stable natural monoclinic. At
a critical oxide thickness, the stresses on the outer monoclinic phase of the oxide switch from
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compressive to tensile, causing cracks to initiate and grow from the surface to the interface.
This is when break-away oxidation starts to occur as the oxygen no longer needs to diffuse
to the underlying metal, but can travel down the cracks and form on fresh surface [21]. Once
these cracks start they will see an initial self-arresting behavior before finally transitioning
to a completely linear behavior as seen in Fig. 2.1.
Thus it can be seen that this breakaway oxidation is governed by the phases of the zirconia
and the stresses felt. It should be noted that while break away oxidation is a detrimental
effect to have occur at a given temperature, the effect of temperature on the oxidation rate
of zirconium is a much larger issue. As Fig. 2.2 shows, increasing the temperature drastically
increases the rate of oxidation.
2.2 FeCrAl Oxidation
Iron chromium aluminum alloys were developed from iron aluminum and iron chromium
alloys for their alumina forming oxidation resistant properties. At high temperatures, the
aluminum at the surface preferentially oxidizes. The aluminum in the bulk diffuses to the
surface allowing for the growth of a protective alumina oxide [24]. A minimum concentra-
tion of aluminum in the bulk is needed for this protective oxide to be purely alumina [25].
Different studies have found that concentrations from 3.2 % [26] to 2.9% [27], depending on
the situation, are necessary to form the alumina scale.
Chromium serves two purposes: helping to form the initial oxide layer, and stabilizing
α-alumina. When the FeCrAl initially begins to oxidize, a chromia surface scale forms [28].
Chromia slows down the transfer of oxygen to the bulk of the material much more effectively
than iron oxide does, giving time for the aluminum to diffuse to the surface. This chromia
layer has been observed using SIMS and TEM in multiple studies as a very thin band in
the middle of the alumina scale, creating a duplex structure [29–31]. The stabilization of
α-alumina by chromia is important as it provides the most oxidation resistance of all the
main possible metastable phases (λ, θ, δ) [32].
Extensive research has been done on the growth of the alumina and its phase transfor-
mations. In industrially utilized FeCrAl, there is α-alumina growth inwards, and λ growth
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Figure 2.1: Weight gain of Zircaloy-4 in 633◦K water. Initial self arresting behavior can be
seen by the cyclic parabolic humps. The oxide self arrests, then cracks exposing a fresh
surface causing parabolic curve to start anew. Figure from [20]
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Figure 2.2: Zirconium oxidation at various temperatures. The strong dependence of the
oxidation rate can be seen. Additionally, the transition to break away oxidation can be
seen on the 650◦C temperature line. Figure from [23]
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outwards that eventually stabilizes into α leaving λ at the surface [29–31]. However this
process can vary dramatically, as the previously listed studies found that steam can also
stabilize the metastable alumina phases. Given that the metastable alumina is not as pro-
tective as α, it is reasonable that their continued stabilization at higher temperatures due to
steam is one of the contributing factors to the enhanced oxidation in aqueous environments.
Studies have also shown that the presence of steam measurably increased the oxidation rate
above 800◦C. Along with steam, there is also a temperature dependence on the phase for-
mation, with the metastable phases being more prevalent at lower temperatures for longer
time periods [33]. There has been debate on the α-alumina formation at temperatures lower
than 900◦C since it is hard to resolve different alumina phases with the very thin alumina
scales that form [34,35]. TEM shows that at 850◦C there can be three different layers, with
λ alumina at the free surface in the form of platelets, a middle layer of θ alumina, and then
a base of α alumina [36]. Depending on the thickness of the different layers, XRD, XPS, and
Photoluminescence can only probe the upper metastable regions, leading to unclear results.
The main drawback of the protective alumina, as with many passivating oxides, is its
brittle nature. Stresses from service or cyclic thermal expansion can lead to cracking and
spallation of the oxide, exposing fresh surfaces. Additionally, during the growth of the oxide,
pores form along the oxide metal interface. These pores and voids are large contributors
to the flaking of the oxide [37]. There are several different mechanisms for what causes
these pore formations. The most well understood of these mechanisms is the Kirkendall
effect [38]. With the alumina layer being formed from aluminum flowing from the bulk, a
large counter flow of vacancies occurs, which tend to merge together into voids to reach a
lower energy. A second cause of the pores and voids comes from buckling of the oxide as it
grows [39,40]. The theory behind the second cause is that as the oxide is forming, expansion
causes lateral compression. In regions where the alumina scale has delaminated, these forces
can cause the the formation of ridges that expand the delamination. This is illustrated in
Fig. 2.3. One interesting observation that can be made while looking at cross sections of the
pores in different studies is that the oxide is uniform in thickness when transitioning from an
adhered region to a delaminated region above a pore. One theory for this is that aluminum
vaporizes at the bottom of the pore and traverses the void to the scale allowing for this even
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thickness [41].
2.3 Current Solutions
As discussed previously, there are several methods being pursued to solve the high tempera-
ture oxidation issue. There have been extensive initial results, however fully comprehensive
testing is still needed.
Silicon carbide has a very low oxidation rate as compared to that of metals and has
a low neutron absorption cross section. However its main challenge as a viable coating
likes within its mechanical properties. One of the biggest hurdles is capping the end of
the cladding tubes. Currently the technology is not fully realized, however there have been
improvements [8]. Silicon carbide is stable after exposure to high doses of neutron irradiation,
only accumulating damage up to 1 dpa [42]. However, the joining of two pieces of silicon
carbide has issues withstanding irradiation and is the subject of continuing research [43].
While the oxidation rate is much lower, silicon oxide will volatilize and cause a decrease
in mass even with oxidation. Depending on the volatilization rate, a significant amount of
silica could be transfered into the coolant. This could be an issue depending upon where it
precipitates. It has been seen that zinc silicate will precipitate out in the crud formations
on fuel rods. This precipitation reduces the thermal conductivity and can cause localized
corrosion [8]. Other issues could arise if the silica precipitates out on the heat exchangers
due to its low thermal conductivity.
Looking more closely at current technology, monolithic FeCrAl has also been examined
as an alternative fuel cladding. A comparison between Kanthal APMT (70wt% Fe, 22 wt%
Cr, 5wt% Al, 3wt% Mo) and different Zircaloy and steel compositions show its effectiveness
at suppressing oxidation as seen in Fig. 2.4. There are several issues that arise when using
iron-chromium alloys at higher temperatures, one being embrittlement at 475◦C [44,45]. The
embrittlement is caused by the growth of the BCC α′ phase. The microstructure change can
be observed at temperatures as low as 370◦C and as high as 480◦C over long time periods.
475◦C engenders the greatest embrittlement rate, with much longer time periods needed at
the higher and lower temperature ranges. Given the extended times that the cladding would
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Figure 2.3: a. Initial scale delamination due to compressive forces from the lattice
mismatch between the oxide and metal. b. Delaminated regions form ridges which grow
under continued oxidation forming pores. Figure from [40]
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Figure 2.4: Comparison of the oxidation kinetics of several types Zircaloy to steel and
APMT FeCrAl. APMT shows a significantly lower rate constant than either stainless steel
or Zircaloy. Figure from [3]
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be at this temperature, embrittlement could be an issue. Increasing chromium concentration
also speeds up the rate of embrittlement. Some work has been done on examining the
FeCrAl system and the α prime embrittlement that occurs [46,47]. Another issue is IASCC,
since IASCC in stainless steels notably comes from the depletion of chromium from grain
boundaries allowing for localized corrosion due to the loss of the protective chromium [48].
This effect is seen more in austenitic steel and can lead to early failure. In ferritic stainless
steel, the BCC microstructure changes the diffusivities of the solutes, and RID and RIS
have been observed [49]. Both of these can detrimental. RID can cause IASCC and RIS can
increase the chromium content to the point where 475◦C embrittlement becomes an issue.
Irradiation will also accelerate precipitation of the alpha prime phase [50, 51]. Once the
chromium concentration is high enough for the phase to thermodynamically form, radiation
damage will accelerate the growth, especially at lower temperatures. These phases then act
as pinning points for dislocation loops generated by the radiation damage, causing a decrease
in the ductile to brittle transition temperature of the system.
Aside from the FeCrAl coating investigated here, polycrystaline diamond coatings (PCD)
[10] and chromium coatings [11, 52] have also been tested. The PCD coating was a 300nm
continuous layer of sp2 and sp3 diamond crystallites. After a 30 minute exposure to high
temperature steam, the coating changed into the sp2 graphite phase. Significant zirconium
diffusion into the graphite was seen, along with the formation of zirconium carbides and
zirconium oxides. The weight gain normalized to surface area decreased by roughly 60%.
Continued exposure to these high temperature conditions to observe the reaction of the
graphite layer to sub-surface oxidation is necessary. Additionally, testing is needed to observe
the stability of the PCD film under cladding deformation and swelling due to normal pellet
clad interactions. The chromium coating showed very promising results, with weight gains
normalized to surface area reduced by a factor of four over a 100 minute 1200◦C steam
exposure as compared to those for bare Zircaloy-4. Other testing with 100µm thick chromium
coating found no that oxygen had diffused through the coating after a 33 minute 1200◦C
steam exposure. Ring tensile tests performed on the samples determined that coating stayed
continuous.
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CHAPTER 3
EXPERIMENTAL PROCEDURES
3.1 STA Setup
A NETZSCH STA 449 F1 Jupiter c© was used to expose the samples to steam. The layout
of the main unit can be seen in Fig. 3.1. The STA had two furnace attachments: a 1550◦C
maximum temperature dry furnace, and a 1250◦C maximum temperature steam compatible
furnace. DSC/TG and a TG only sample stages were used. The DSC/TG sample carrier
limited sample size to roughly 3-4mm × 7-8mm. As discussed later, this size limitation can
be detrimental to data quality. The TG sample carrier could accommodate samples around
10mm × 10mm. A Direct Evaporator Series ASTEAM DV2 was used to generate the steam
used in the tests and was carried to the furnace by heated flexible tubing. UHP argon was
used in the protective and purge gas lines for the STA, as well as the carrier and purge gas
for the water vapor generator. Stainless steel piping with Swagelok c© fittings was used for
gas handling throughout the whole system.
Calibration of the internal thermocouple and DSC located on the sample carriers was done
using the thermodynamics of melting aluminum, bismuth, gold, indium, tin, and zinc. To
calibrate the DSC/TG sample carrier, all of the metals were run past their melting point and
then cooled in the dry furnace. The initiation of the peak associated with the latent heat
of fusion was used as the melting temperature to calibrate the temperature (Table 3.1), and
the area of the peak was used to calibrate the DSC power scale (Table 3.2). The calibration
of the water vapor furnace with a steam atmosphere was created by running only the gold
sample and scaling the dry furnace calibration by the change in the gold sample runs. The
TG sample carrier was only calibrated for the water vapor furnace. The data from heating
gold at a constant rate past its melting temperature in steam from the thermocouple on
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Figure 3.1: Cross section of the STA 449 F1 Juipter c©. Figure from NETZSCH Product
Brochure
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Table 3.1: Temperature Calibration
Substance
Temp. nom.
/◦C
Temp. exp.
/◦C
Mathem.
Weighting
Temp. corr.
/◦C
In 156.6 156.6 10 156.6
Sn 231.9 231.9 1 232.2
Bi 270.9 271.4 1 271.8
Zn 421.2 419.5 1 420.4
Al 663 660.3 1 662
Au 1066.5 1064.2 1 1067.2
Table 3.2: DSC Calibrations
Substance
Temp.
/◦C
Enthalpy
J/g
Peak Area
uV*s/mg
Sensit.Exp
uV/mW
Mathem.
Weighting
Sensit. Calc.
uV/mW
Indium 156.6 -28.6 -24.76 0.866 10 0.87
Sn 231.9 -60.5 -47.62 0.787 1 0.803
Bi 271.4 -53.1 -46.97 0.885 1 0.77
Zn 419.5 -107.5 -60.48 0.563 0.8 0.659
Al 660.3 -397 -222.8 0.561 1 0.542
Au 1064.2 -63.7 -29.47 0.463 1 0.463
the end of the sample carrier was sent to NETZSCH for analysis to identify the melting
temperature.
3.2 STA Validation and Data Analysis Methods
Initial oxidation of bare Zircaloy-2 and Zircaloy-4 (Fig. 3.2) was compared to literature values
to confirm that the oxidation kinetics seen in the new system were as expected. The primary
concern was ensuring that the steam flow rate was sufficient to deliver the necessary oxygen
to prevent an environmentally limited oxidation rate. Values were compared to previous
work which was tested at the same temperature and environment and the results were
similar [53–55]. The small differences between the two can be attributed to sample geometry.
Zircaloy-4 tubes instead of Zircaloy-4 coupons were oxidized in some of the compared studies.
A circular concave surface can help to stabilize an oxide, as the uniform expansion is limited
by the oxide pressing against itself, helping to prevent cracks. The Zircaloy-4 tested had a
final weight gain of 145 g
m2
while the study by Steinbru´ck et al. had a final value of roughly
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Figure 3.2: Oxidation of Zircaloy-2 and Zircaloy-4 at 700◦C in steam. Both samples show
expected behavior with an initial quasi-parabolic transitioning to breakaway behavior.
147 g
m2
[53]. Additionally, excess condensed steam is collected from the outlet port of the
furnace, further indicating that there is not a deficit of oxidizing gases inside of the furnace.
Several steps were taken when comparing data between oxidation tests. In the initial bulk
material tests, the total weight gain was scaled by the initial sample surface area. This was
not sufficient for coated samples and caused an overestimation of the oxidation rate. Due
to the geometry, coating process, and post coating sample preparation, some of the sample
faces were not coated with FeCrAl or were partially coated. As bare zirconium surface reacts
much more quickly than a FeCrAl coated surface, an average weight gain between coated
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and uncoated response would be calculated rather than a pure coated response. To correct
for this, the oxidation rate per unit surface area of bare Zircaloy-2 run in the same conditions
was scaled to the uncoated faces. This weight gain as a function of time was subtracted from
the partial coated sample such that, in a perfect condition, the remaining weight gain would
be due to the oxidation of the FeCrAl and underlying zirconium. This weight gain was then
scaled by the total coated surface area to give the final oxidation kinetics. Fig. 3.3 shows this
effect. Initially, small samples were used and the uncoated surface area was almost equal
to the coated surface area. This decreases the effectiveness of the subtraction. Eventually
larger samples were used as only the faces associated with the thickness of the sample were
not properly coated. The area of the uncoated faces increase linearly when both length
and width increased, while the coated surface area increases as a function of both, as seen
in Fig. 3.4. The effectiveness of this subtraction can be examined from sample Zry2-23F
in Fig. 3.5. From Auger depth profiling, it was found that no oxidation was taking place
under the coating. After the subtraction, the only weight gain should have been from the
formation of alumina. However assuming that the whole coating turned into alumina, the
weight gain would be on the order of 10−5g and the observed weight gain after correction was
on the order of 10−4g. This shows that there is a constant over-estimation due to additional
oxidation caused by interactions between the oxidized zirconium on the uncoated sides and
coating near the edges.
The next correction that was made was to account for the change in the active surface
area. As the oxidation progresses, especially when a significant fraction of the sample has
been consumed, the active surface area decreases. As the results are scaled by the surface
area, this artificially suppresses the resulting oxidation. A rough estimate was used on the
pure zirconium samples to try to calculate the active surface area. Initially the volume of
Zircaloy consumed, assuming pure zirconium as the amount of alloying elements is small,
was calculated using
volume of Zr consumed = text(weight gain)× MZr
MO × 2 ×
1
ρZr
(3.1)
where MZr is the molar mass of zirconium, MO is the molar mass of oxygen, and ρZr is
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Figure 3.3: Oxidation of Zircaloy-2 and 62/4/34 coated Zircaloy-2 at 700◦C in steam. The
band of data from the coated sample shows the effect of subtracting an uncoated face as
compared to assuming the surface is completely coated. The lower bounds of the band is a
complete subtraction while the upper bound is no subtraction.
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Figure 3.4: Surface showing the coated and uncoated surface area of a sample that is 1
unit thick, with length and width varying from 1 unit to 15 units. The four faces that
contain the constant 1 unit are uncoated, and the two faces are described by the varying
lengths are coated.
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Figure 3.5: Weight gain data from 700◦C steam comparing corrected Zry2-23F (1100nm
coating) to uncoated. Note that at 600 minutes, the coated sample experienced
approximately 10 g
m2
while 600nm coatings of the same composition experienced
approximately 25 g
m2
.
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the density of zirconium. The factor of 2 assumes stoichiometric ZrO2 is formed. From the
weight gain data, this allows for the approximation of the volume of zirconium that has been
consumed by oxygen. Then assuming a constant oxide growth on all faces, using
volume of Zr comsumed = X ∗ Y ∗ Z − (X − T ) ∗ (Y − T ) ∗ (Z − T ) (3.2)
where X, Y , and Z are the sample dimensions, and T is the thickness of the oxide, the
thickness of the oxide grown as a function of time can be calculated. From here the new
surface area is easily calculated by subtracting the thickness of the oxide from the sample
dimensions and adding the surface areas from each face. The weight gain can then be broken
down into small sections and associated with a calculated change in oxide thickness. Finally
each incremental weight gain can be correlated to, and divided by the surface area, and
then summed. This correction starts to deviate near complete sample consumption as the
oxide interface is not smooth and therefore the remaining volume cannot be approximated
as a prism. Additionally, this correction cannot be applied to coated faces, as the exact
stoichiometry and density change with depth are not necessarily known.
3.3 Steam Exposure
Before exposure, samples were cleaned in methanol, had their dimensioned measured with
calipers, and finally weighed using a tabletop microbalance. To collect accurate TG and
DSC data, a correction run was performed. This was done by running the same conditions
and test parameters in the STA without the sample inside of the system. This correction
run allowed for an accounting of the buoyancy effect on the weight, and the fluctuations on
the DSC due to heating and changes in gases.
After loading a sample, the system was sealed and a roughing mechanical pump and turbo
pump were used to lower the system pressure down to roughly 2 × 10−4 mPa. The system
was then backfilled with UHP argon until a positive pressure was reached. The gas outlet
was stepped down to a small tube size to reduce pressure effects. The water vapor furnace
the outlet ran into a secondary containment to collect the condensed water. The UHP argon
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flow rate through the STA was continued with the protective line at 30 ml
min
and the purge
at 20 ml
min
. If the water vapor furnace was used, the purge from the steam generator was set
to 100 ml
min
. The system was set to equilibrate to 150◦C before testing started to ensure the
steam stayed in the gaseous phase. The system was then heated to the testing temperature
at a rate of 15
◦C
min
with a 20min isothermal hold to equilibrate. In the dry furnace, the
isothermal hold was continued, and in the water vapor furnace, one of the purge lines in
the STA was shut off and the water vapor flow was turned on with a mass flow rate of 2 g
hr
.
After the isothermal hold was completed, the water vapor flow was shut off and the furnace
cooled at its natural rate with the purge and protective argon still flowing.
3.4 Inert Exposure
Since a small amount of oxidation was still present during the initial heating in the STA
before steam was exposed to the sample, a more inert environment was created to examine
temperature effects on the system. UHP argon was passed through an in-line Pure Guard
Wall Mounted-1 Getter before flowing into the end of a long quartz furnace tube. The
tube ran through a furnace capable of reaching 1500◦C and the argon flowed out of the
other end of the tube and through a bubbler. The bubbler acted to allow for visual flow
rate control, kept a positive pressure, and ensured no backwards contamination of the tube.
After a sample was loaded and the wall mounted getter was heated, the purified argon was
passed through the tube for one hour to ensure an inert atmosphere. The flow rate was then
decreased and the furnace was heated to temperature (1100◦C) in 20 minutes. The sample
was held isothermally for the duration of the test. The furnace was allowed to cool to below
200◦C before the argon flow was stopped.
3.5 Pre/Post Exposure Film Characterization
All of the post exposure analysis was carried out in the Frederick Seitz Materials Research
Laboratory Central Facilities, University of Illinois.
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Two different XRD systems were used: a Panalytical/Philips Xpert MRD Cu K-alpha
1 high resolution XRD system with a high-speed PIXcel line detector, and a Panalyti-
cal/Philips Xpert MRD Cu K-alpha system. The high resolution machine was used on the
single crystal YSZ samples and used for glancing angle scans of the zirconium samples. The
full 255 channels of the line detector were used for the glancing angle measurements, and
only the center 5 channels were used for the YSZ measurements. These systems were used
to identify the phases of the as-grown films, as well as the phases after exposure. Given
the semi-quantitative nature of AES and EDS, this was necessary to provide certainty as to
what systems were present. Analysis and phase matching was done using MDI Jade + with
pattern analysis (Materials Data, Inc., Livermore, California).
A Hitachi S4700 High Resolution SEM was used to gain morphological data pre- and
post-exposure. It was used in secondary electron mode, utilizing its upper detector to limit
noise from tertiary electrons. Chemical information was gained using the linked Oxford
instrument ISIS EDS X-ray Microanalysis System. The EDS data was used as a basis when
analyzing the XRD data, as it provided a starting point as to what phase compositions
should be checked. Additionally it was used to determine the stoichiometry of the systems,
as given phases could have a range of elemental concentrations.
For chemical depth profiling, a Physical Electronics PHI 660 Auger Electron Spectroscopy
system was utilized. The incident electrons were set to either 3keV or 5keV, the sample
was tilted from 30◦ to 60◦, and the sample current varied between 150nA to 200nA, all
depending on sample resistivity. For sputtering, 3keV argon ions were used, rastering over
an area of 0.5mm × 0.5mm. In later samples, an aluminum foil mask with a 1mm diameter
hole was used to help prevent charge buildup and to protect the rest of the sample from
the sputtering. This provided invaluable information as to how the coatings responded,
especially in tracking the significant diffusion that occurred. The AES data was additionally
utilized like the EDS data for providing a starting point for analyzing XRD data.
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3.6 Road Map
After the STA was calibrated, Zircaloy-2 provided by ATI Speciality Alloys and Compounds
was tested to validate the system. The base alloy was LWR grade material that had been
β quenched and recrystallized. Samples were cut from the sheet using a low speed diamond
saw and mechanically polished down to a 0.05µm finish. Samples were exposed to 700◦C
and 1100◦C temperatures as standards for future testing; intermediate temperatures were
also tested.
After validation, four different compositions of FeCrAl coatings were deposited using mag-
netron sputter coating to provide experimental direction. Atomic compositions of the films
will be listed in the following scheme: x/y/z=Fe%/Cr%/Al% atomic concentration. An
iron rich (86/10/4), aluminum rich (62/4/34), chromium rich (53/28/18), and aluminum
chromium mix (71/7/22) were exposed to 700◦C steam and then examined with AES and
SEM/EDS. It was decided that the 62/4/34 would be investigated more thoroughly due to
its performance and the benefits of a larger aluminum reservoir. The large reservoir allows
for the formation of a thicker alumina layer, as well as a decreases in the time in which it
takes for the alumina layer to initially form.
62/4/34 samples with thicker coatings were produced and tested with larger coated areas.
Testing the coating at 1100◦C revealed that the interaction between zirconium and iron
rendered the coating ineffectual, so coatings were grown on single crystal YSZ as a substitute
model system. These samples were exposed to 700◦C steam for two time periods and to
1100◦C and 1200◦C steam and then analyzed with XRD/SEM/EDS/AES. Finally a suite of
samples were exposed to 700◦C from 30min to 10hr and were analyzed with SEM/AES and
several were also examined with XRD. The glancing angle XRD was performed at several ω
values to probe different depths. A full list of samples and their information can be found
in Table 3.3.
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CHAPTER 4
RESULTS AND ANALYSIS
4.1 DSC
Initially samples were run in the DSC sample carrier. As oxidation is exothermic, obtaining
dual weight gain and DSC data is useful and they should correlate. However, as explained
previously, oxidation is a surface driven process. DSC requires thermal contact between
sample and thermocouple, which inherently limits some of the surface area. Given the
geometry of the system, one side of the sample needed to lie flat on the crucible to obtain
the best data. For a two side coated sample this was extremely limiting. An initial test was
run on Zircaloy-2 in good thermal contact at various temperatures. As seen in Figure 4.1, the
data was not accurate. An increase in the power output from the 550◦C to 800◦C samples
was seen (exothermic is down on the scale), however was not proportional to the increase
in oxidation kinetics. The 1000◦C and 1200◦C samples do not reflect the rapid oxidation,
and even though the 1200◦C sample completely oxidized, the power output did not flatten
at 0 mW/mg but rather -0.5 mW/mg. The lack of good thermal contact, and development
of a thermally resistant oxide is a reasonable explanations for the incorrect results. As the
TG data was more important, the TG sample carrier was used to allow for greater sample
surface exposure.
4.2 Compositional Effects
Initially four different compositions of FeCrAl were tested: (86/10/4), (53/29/18), (71/7/22),
and (62/4/34). The sample dimensions were approximately 2mm × 7mm × 1mm, which is
not ideal geometry. Portions of the two coated 2mm × 7mm faces were influenced by the
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Figure 4.1: DSC of Zircaloy-2 oxidized at 550◦C, 650◦C, 800◦C, 1000◦C, and 1100◦C steam.
A systematic increase in heat output can be seen for the three lower temperatures. The
two high temperature tests show a breakdown, as the power output should be much more
negative. The complete oxidation of the 1200◦C sample can be seen by the eventual
flattening of the curve.
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oxidation of the adjacent uncoated faces; however the similar dimensions facilitated a direct
comparison. The weight gain data from the steam test at 700◦C can be seen in Fig. 4.2.
SEM results of the coated samples post exposure are shown in Fig. 4.3. The kinetics from
Fig. 4.2 and Fig. 3.5 show that there is a significant decrease in the oxidation rate from
the applications of coatings. Coating thickness additionally has an effect on the kinetics.
At 600 minutes, the 1100nm coated sample experienced approximately 10 g
m2
while 600nm
coatings of the same composition experienced approximately 25 g
m2
. Fig. 4.3 reveals some
of the reasons why the 86/10/4 composition did not perform well. With the low aluminum
content, an alumina layer did not form, and the resulting oxide was not protective, as
seen by the long cracks. The black features seen in the other samples were determined to be
subsurface pores, as determined by SEM conducted at varying voltages as seen in Fig. 4.4, as
well as cross sectional STEM (Fig. 4.5). The 64/4/34 composition was chosen for continued
testing due to good its performance, and the fact that the larger fraction of aluminum acts
as a larger reservoir for the formation of the alumina scales.
The alumina scale formation was confirmed by XRD on the 62/4/34 composition coating
as seen in Fig. 4.6. The promotion of the α-alumina peaks can be seen transitioning from
the 0.5hr to 10hr exposure, as well as a shift from the higher aluminum concentration FeAl
phase to a lower Fe2(CrAl) as the aluminum is removed from the metallic film to form the
alumina. The initial peaks were identified as FeAl as the Cr concentration was low, and
the reference data showed that small constitutional changes in the Cr and Al concentrations
did not strongly affect peak intensity and location. An attempt was made when matching
the experimental XRD spectra to the available reference materials to match both peak
locations and listed composition. However given that the system starts off with a ternary
alloy which then starts to mix with Zr and O, that was not always possible. AES depth
profile data was used as a foundation for which compositions to match. The transition
to Fe2(CrAl) was accompanied by a change from simple cubic to an FCC structure. This
composition was chosen due to the disappearance of the strong FeAl (100) peaks as well
as the enrichment of chromium that was seen in the remaining metallic film though AES
(Fig. 4.7) [56]. To accurately identify near surface phases, glancing angle measurements were
taken at increasing values of ω to probe different depths of the oxide (Fig. 4.8). The incident
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Figure 4.2: Comparison of the different initial FeCrAl compositions to bare Zircaloy-2.
Samples dimensions were approximately 2mm × 7mm × 1mm.
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Figure 4.3: SEM of coatings post-exposure to 700◦C steam. SEM performed by Weicheng
Zhong
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Figure 4.4: SEM of Zry2-6a, oxidized at 700◦C and then coated with gold and platinum to
prevent surface charge buildup. The low energy electrons show the surface, while the
higher energy electrons reveal sub-surface structures. The circles demarcate the same
regions showing this effect.
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Figure 4.5: STEM image of a cross section FIBed from the surface of a 62/4/34 sample
that was exposed to 700◦C steam for 10 hours. A pore is circled in the upper right portion
of the figure.
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angle of the x-rays was fixed initially at 1◦, and then incremented to 12◦. As the sample was
polycrystaline, scanning along 2θ still allowed for the completion of the Bragg condition,
while limiting the volume examined to the surface. By incrementally increasing the angle,
the peaks that were only seen at higher angles could be attributed to unoxidized film, while
the initial peaks could be identified as alumina. This was necessary due to the existence of
multiple phases and concentration gradients, as well as the loss in resolution experienced at
low glancing angles.
4.3 1100◦C Steam Exposure
With the goal of the FeCrAl coating to improve oxidation resistance in accident senarios,
higher temperature testing was performed. 62/4/34 on Zircaloy-2 samples were exposed to
steam at 1100◦C, and subsequent AES and EDS testing revealed that the coating was no
longer present on the surface. The AES and EDS showed no peaks indicative of Fe, Cr, or
Al, indicating that a reaction occurred with the Zr due to the binary Fe-Zr eutectic. To
work around this, the 62/4/34 composition was deposited on single crystal YSZ. YSZ served
as a nonreactive template, and the subsequent exposure of the coated YSZ to 1100◦C steam
confirmed this as oxides comprised of Fe, Cr, and Al were observed using EDS, AES, and
XRD. XRD of the as-deposited FeCrAl shown in Fig. 4.9 exhibited a preferred orientation
due to the underlying single crystal nature of the substrate. Rocking curve analysis of the
coating showed that it had a FWHM of 5.5◦ (Fig. 4.10). SEM of the oxide revealed a
two phase morphology with smooth regions, and regions with a flaky nature (Fig. 4.11).
AES depth profiling (seen in Fig. 4.12) showed that the flaky region was iron rich and the
smooth region was aluminum rich. Point AES analysis at different depths showed that these
concentrations were uniform to the YSZ interface. XRD identified that two spinels, Fe2AlO4
and FeAl2O4, were responsible for the two phase morphology as seen in Fig. 4.9. The two
phases share very similar diffraction patterns, rendering an attempt to quantitatively analyze
the fraction of the two phases from the data difficult. A rocking curve taken on the strong
(400) spinel peak of YSZ-2A showed that the oxidized coating was more strongly textured,
with a FWHM of 0.8◦ (Fig. 4.13).
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Figure 4.6: Glancing angle XRD of an as-grown film (Zry2-16), a 0.5 hour 700◦C exposure
(Zry2-23D), and a 10hr 700◦C exposure (Zry2-23E). The formation and growth of
α-alumina can be seen going from 0.5 to 10hr exposure. Some of the intermetallics such as
Cr2Fe and Fe2AlCr were identified. The unidentified peaks can be attributed to the
possible phases formed by the combination of Fe,Cr,Al, and Zr.
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Figure 4.7: AES depth profile of a 62/4/34 coating on Zircaloy-2 exposed to steam for 10hr
at 700◦C (Zry2-23E). Note the Cr enrichment between the alumina and Fe-Zr intermetallic
and the significant diffusion of Fe into the base Zr.
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Figure 4.8: Glancing angle XRD of Zry2-23E taken at increasing values of ω to examine
phase change as a function of depth.
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Figure 4.9: XRD spectrum of as-grown (YSZ-2), 3.5hr 700◦C steam exposed (YSZ-1C),
and 2.5hr 1100◦C steam exposed (YSZ-2A) 62/4/34 coated YSZ
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Figure 4.10: Rocking curve analysis of as-grown 62/4/34 on YSZ. The broad peak (FWHM
of 5.5◦) indicated a weak degree of texturing which is in agreement with the limited peaks
that were observed from the 2θ-ω measurement.
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Figure 4.11: SEM image of 2.5hr 1100◦ Steam exposed 62/4/34 on YSZ. The rough flaky
regions are an Fe-rich spinel, and the smooth regions are an Al-rich spinel.
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Figure 4.12: AES point spectrums taken at different sputtering times on sample YSZ-2A
post 2.5 hour 700◦C steam exposure. The top graph shows the composition of the smooth
Al-rich region and the bottom shows the composition of the flaky Fe-rich region.
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Figure 4.13: Rocking curve analysis of 62/4/34 on YSZ exposed to 1100◦C steam for 2.5
hours. The narrow peak indicated a high degree of texturing which is in agreement with
the limited peaks that were observed from the 2θ-ω measurement. The FWHM of 0.8◦ post
exposure is much narrower than the 5.5◦ observed before exposure.
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CHAPTER 5
DISCUSSION
5.1 700◦C Steam Exposures
Through use of TGA, XRD, SEM, EDS, and AES it has been shown that 1µm FeCrAl coat-
ings on Zircaloy-2 provides a protective coating up to the eutectic temperature of Fe and
Zr. Starting with the TGA results, the DSC sample stage of the STA was successfully cali-
brated using multiple metal standards over a range of temperatures in an inert atmosphere.
The thermocouple on the thermogravimetric stage was calibrated using the the Au metal
standard by looking at the derivative of the temperature data. The initial Zircaloy-2 and
Zircaloy-4 samples that were run showed the expected responses at 700◦C with a response
that follows Eq. 2.1 if the exponent n was 2.154±0.011. This lands in-between parabolic
and cubic kinetics which is the expected regime for Zircaloy. A transition is then seen to
linear kinetics as the oxidation transitions to breakaway. The response of the (53/29/18),
(62/4/34), and (71/7/22) samples in Fig. 4.2 show an initial suppressed oxidation rate, fol-
lowed by a linear increase. The start of the linear oxidation can be attributed to the complete
oxidation of the coating, initiating the oxidation of the underlying zirconium. These curves
demonstrate the effectiveness of thin coatings that are 600nm or less in thickness. Exam-
ining Fig. 3.5, it can be seen that when the coating thickness is increased, the oxidation
is suppressed for a much longer period of time. No linear trend is seen, and a significant
portion of the weight gain can be attributed to the imperfect correction model. This helps
to validate the earlier assumption that the linear weight gain was due to the oxidation of
the bulk Zr as sample 23F experienced no oxidation of the Zr directly under the FeCrAl as
observed by AES depth profiling.
The formation of alumina on the surface, confirmed through XRD (Fig. 4.6), AES (Fig. 4.7),
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and EDS directly follows the expected response of FeCrAl, and is the root cause of the en-
hanced oxidation resistance. The alumina was characterized as α−Al2O3 which was based
on the strong 35.5◦ (104) peak and the 38.1◦ (110) peaks as shown in Fig. 4.6. Based on
the previously discussed literature, there should exist fractions of other metastable alumina
phases. The glancing angle geometry decreased the intensity and resolution of the results,
allowing for only the α phase to be identified. However the exact phase, while important, is
not a focus.
The effect that the aluminum concentration makes on the oxidation kinetics can be seen
from Fig. 4.2. The iron-rich (86/10/4) composition, while performing better than pure
Zircaloy-2, experienced roughly twice the weight gain as the other samples which contained
a high concentration aluminum in the coating. The chromium-rich (53/29/18) exhibited
good resistance, and only gained slightly more weight than (62/4/34) and (71/7/22). This
shows that once the aluminum and chromium concentrations reach high enough concentra-
tions, there starts to be diminishing returns, and they are fairly independent of small changes
to their elemental make up. Taking neutronics and economics into consideration however,
aluminum is a better route. From the United States Geological Survey [57], chromium is ap-
proximately 4.5 more expensive than aluminum. Additionally, the neutron absorption cross
section of chromium is 13 times larger than that of aluminum. Keeping the concentration of
chromium in a LWR core to a minimum will add additional economic benefits as less neutron
will be consumed. Chromium should still be present as it has been seen that it facilitates in
the initial stages of oxide formation, and promotes the formation of α-alumina [41].
Oxidation of the 62/4/34 FeCrAl coated YSZ at 700◦C resulted in the formation of alu-
mina. The highly textured nature of the system allowed for the observation of the transition
of the FeCrAl from primitive cubic FeAl phase to the BCC Fe3Al phase. The (100) reflection
is visible in the primitive cubic structure through XRD, however it is forbidden in the BCC
structure. The disappearance of this peak indicates that aluminum was removed from the
system forcing a phase change to BCC. While no alumina peaks were observed in XRD
(Fig. 4.9), AES depth profiling (Fig. 5.1) and the FeCrAl phase change point towards the
formation of alumina on the surface. The increase in oxygen at the end of the AES depth
profile is due to diffusion of the oxygen from the YSZ into the FeCrAl layer.
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Figure 5.1: AES depth profile of 62/4/34 on YSZ exposed to 700◦C steam for 3.5 hours.
The formation of alumina can be seen on the surface. The sputter time ended when the
charge buildup of the YSZ caused the data to become meaningless.
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5.2 1100◦C Steam Exposure
It was seen that the FeCrAl coatings were ineffective at high temperatures, with EDS show-
ing no traces of FeCrAl left on the surface after heating to 1100◦C in argon, followed by
steam exposure. The root cause of this is due to the Fe-Zr eutectic, seen in Fig. 5.2 which
caused a liquid layer underneath the coating, leading to its eventual removal from the sur-
face. AES depth profiles of samples that were run at 700◦C, to just before the underlying
zirconium started to oxidize, showed significant diffusion of Fe into the Zr as seen in Fig. 4.7.
This diffusional mixing would occur during the initial heat up of the samples in the inert
environment, and the failure would occur before any oxidation could take place. A (62/4/34)
sample was exposed 1100◦C with steam turned on at 300◦C as shown in Fig. 5.3. This al-
lowed for a small amount of oxidation during the initial heating, along with the ability to
observe any drastic changes during heating. Fig. 5.3 showed that once the system reached
the eutectic temperature, the oxidation rate dramatically increased. Compared to a pure
Zircaloy-2 sample, the oxidation rate is initially lower; however after the eutectic temper-
ature, it shows a slightly larger oxidation rate. This was due to the destabilization of the
zirconium oxide that was being formed in the presence of FeCrAl impurities, without a uni-
form, thick alumina layer to inhibit oxygen diffusion. Unlike the sample that was heated
in an inert environment, EDS showed measurable amounts of Fe, Cr, and Al on the sample
surface post exposure, indicating that some pre-oxidation of the coating prior to exposing
to temperatures above the eutectic allowed some of the coating to remain.
The oxidation of the FeCrAl coated YSZ showed surprising results. From previous ex-
periments, the oxidation of FeCrAl at 1100◦C steam resulted in the formation of alumina
instead of the Fe2AlO4/FeAl2O4 mix that was identified. The most likely cause for the spinel
formation was that the rapid oxidation of the thin coating did not allow time for complete
diffusion of the aluminum and iron to form a pure alumina. Given the initial 2:1 ratio of iron
to aluminum, it would be expected that only the Fe2AlO4 phase would be seen; however this
was not the case as the FeAl2O4 was present. The greater reactivity of the aluminum that
drove the formation of alumina at 700◦C could also be the force behind the formation of the
aluminum rich spinel, indicating that some diffusion of aluminum occurred. The decrease in
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Figure 5.2: Fe-Zr, Cr-Zr, Ni-Zr, and Al-Zr phase diagrams. Figure from [4].
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Figure 5.3: Weight gain results of a pure Zircaloy-2, and a (62/4/36) coated Zircaloy-2
sample. The samples were heated at 15 C
min
with steam turned on at 300◦C.
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Figure 5.4: Glancing angle x-ray diffraction of 62/4/34 sputter target material oxidized at
1100◦C for 5 hours. Strong α-alumina peaks are seen, confirming normal phase formation
of this composition at high temperatures.
the FWHM of the rocking curves on primary peaks from pre- to post-oxidation additionally
indicates an amount of diffusion driving the change in texture. Whether this occurs during
the formation of the spinel, or is an artifact of annealing at high temperatures is not known.
The thin film configuration contributing to the formation of the spinel is supported by the
analysis of oxidized target material in similar conditions where the expected α-alumina oxide
formed (Fig. 5.4).
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
Zircaloy-2 coupons coated with four compositions (62/4/34, 86/10/4, 53/28/18, 71/7/22)
were exposed to a 700C steam environment for different lengths of time while their weight
was actively measured. Coupling the TG data with XRD, SEM, EDS, and AES, it was
seen that in the aluminum rich samples, a protective α− alumina oxide formed, suppressing
oxide thickness by more than an order of magnitude. At high aluminum and chromium
atomic percentages, substantial changes in composition were not reflected by large changes
in oxidation kinetics. This gives a range of compositions to work with, allowing for the
tailoring of mechanical properties and cost for commercial production.
Temperatures above the 900◦C Fe-Zr eutectic resulted in a loss of the coating when the
sample was heated in an inert environment. With steam present during heating, traces
of FeCrAl were seen in the oxides; however the oxidation kinetics were not significantly
suppressed. Given that the thickness of the coatings are currently limited to 1µm due to the
deposition technique used to grow the films, it can be expected that thicker coatings will
more readily resist this transformation. However, work by Terrani et al [4] indicates that
Fe can diffuse hundreds of µm into Zr after 18 hours at 1200◦C. The effectiveness of thicker
coatings will depend on the kinetics of the formation of the eutectic, and the formation of
the protective oxide. A method such as cold spraying would be necessary to coat samples to
such a thickness. Cold spraying has been used to coat fuel cladding in a Ti2AlC alloy, which
led to a decrease in oxidation kinetics [58]. The success of these experiments in coating
fuel cladding with an adherent, low porosity layer indicate that such a technique could be
utilized to grow thicker coatings.
Future work will focus on stabilizing the coating at high temperatures. To achieve this,
two paths will be explored: diffusion barriers, and chromium-aluminum alloys. The results
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of the FeCrAl on YSZ revealed that very little diffusion occurred between the FeCrAl and
YSZ during the exposure. This indicates that an oxide layer could act as a diffusion barrier
preventing the mixing of Zr and Fe, thereby eliminating the eutectic. The largest issue is
dealing with the naturally low Gibbs free energy of Zr. Only elements such as Al, Y, U, and
Mg have low enough free energies to preferentially oxidize as compared to Zr. Additional test
would need to be done to examine the effect of deformation on the barrier layers stability.
The Al-Cr route might be more favorable as it would completely eliminate the Fe, which
would also lower the neutron penalty. Much more care will be necessary when selecting the
composition as to prevent the formation of high aluminum Al-Cr phases, as the melting
temperature of these systems are significantly lower than the required temperatures. As
mentioned previously, CEA in France has had some success with pure Cr coatings [11].
Additionally, thicker coatings will be necessary to properly test higher temperatures as
diffusion will play a much larger role. Initial testing of Cr and Al-Cr coatings have shown
beneficial changes for short time periods; however the oxidation rate quickly increases after
being exposed to 1100◦ steam for time periods greater than 10 to 20 minutes.
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